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FLIGHTINVESTIGATIONOFTHEZERO-LD?TDRAG

OFTWORAM-J73TMISSIIECONFIGURATIONS

AT MACHNUMOERSFROM1.00TO1.89

ByClarenceA.Brown,Jr.,andWalterE. Bressette

Flight+.testsusing
minethezero-liftdrag

SUMMARY

rocket-poweredmodelswereconductedtodeter-
oftworam-jetmissileconfigurations.Thecon-.

figurationsthatweretestedwereanunderslungsingle-inletram-jetmis-
sileconfigurationanda two-dimensionaltwin-inletram-jetmissilecon-
figuration.Theexternal-dragcoefficient,basedonthecylindrical
fuselagecross-sectionalarea,fortheunderslungsingle-inletram-Jet
configurationhada gradualdecreasefroma valueof0.45ata Machnum-
berof 1.00to0.38ata?dachnumberof1.60.ThecorrespondingReynolds.
numbersbasedonhodylengthwerek5x 106and84x 106..Theexternal-
dragcoefficientforthetwo-dimensionaltwin-inletramjethada grad-

u ualincreasefroma valueofO.~ ata Machnuniberof1.10toa peakof
0.56ata Machnuniberof1.37andthenvariedsmoothlytoa valueof0.47
ata Machnumberof1.89. ThecorrespondingReynoldsnuiberswere
56x 106and130X 106.

Qualitativecomparisonoftheflight-testdatawithdatafroma.
twin-nacelleramjetindicatesnoappreciabledifferenceintheexternal-
dragcoefficientbetweenthedifferentinstallationsoftheram-jet
enginesonthemodelsof similargeometricsizeandvolume.

INTRODUCTION ...

Recentlytherehasbeenconsiderableinterestinram-Jetengines
andthedragofrsm-jetconfigurationshasbecomeincreasinglyimportant.

.-

To determinethethrustrequirementsofa configuration,thedragcharac-
teristicsmustbe evaluated. .. .=-

h
Thispaperpresentsthezero-liftexternaldragofanundersl~ ‘ -“””

single-inletram-jetmissileconfigurationanda two-dimensional
. ~L~ -

-----
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twin-inletram-jetmissileconfigurationasobtainedfr=mtherocket-
poweredtechnique.Thedesigns-ofthesetwo.xam-jetconfigurationswere
independentofeachotheralthoughtheinletareas,combustionareas)
andexitareasofthetwoconfigurationstireequal.T~~.inletsofthe”
twomodelsdifferedinthattheunderslungs~ngle-inleticonfiguratiori
hada singlediffuserlocatedbeneathandnearthefuselageofthemodei
whereasthetwo-dimensionaltwin-inletconfigurationhadtwodiffusers
locatedintheleadingedgesof”thehorizontalwings.Forthetwo-
dimensionalramjet,preliminarytestsindicatedthatthepressure
recoverywouldbe sufficientforoperationwiththistypeofinlet.

TheMachnumberrangecoveredby the“underslungsiggle-inletram-
jetconfigurationwas1.00to 1.60andtheReynoldsnumber,basedon the

‘totalbodylength,variedfrom45x 106 to84x 106. TheMachnumber
rangecoveredby thetwo-dimensionaltwin-inletram-jet-configuration
was1.10to 1..89and.theReynoldsnumber,basedon tota~bodylength,
varied
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from56x 106 to 130x 106.
—. -.—...
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dragcoefficient,~

Normalforcenormal-forcecoefficient,
qsw

— —. , ~,.=
—-

--

cross-sectionalareaofcylindricalsectionof f-uselage,sq“N
..

exposedwingareaofmodelA, sqft”

ductexitpressure,lb/sqin.abs .-

base.pressure,lb/sqin.abs — —r-— . .

free-streamstaticpressure,lb/sqin..abs .

velocityofmodel,ft/sec ‘i–’

w
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6 Y ratioof specific

M Machnumber.

9 C@smicpressure,

R Reynoldsnumber,

heats(1.11-o)

lb/sqft

Vz

z lengthofmodel,ft

v kinematicviscosity,sqft~sec

A. free-streamtubesxea

3

.

..-. .—

Al geometricentrancearea(maximumcapturearea)ofram-jetinlet
(modelA, 0.0491sqft;modelB,O.0~1 sqf-t)

% exitmea ofrsmjet(modelA, 0.0562sq f%;
modelB, 0.0562Sq ft)

APPARATUSANDMETHODS

ModelDescription

d Sketchesoftherocket-poweredmodelsusedinthesetestsareshown
.

infigures1 and2.‘Photographsofthemodelsareshownasfigures3
and4. Themodelswereof compositewood-metalconstructionanda coating
ofPhenoplast(ref.1)wasappliedto thewoodtowithstandthetempera-
turereachedinflightdueto aerodynamicheating.

Eachmodelwasboostedto supersonicvelocitiesby a solid-propellant
rocketmotorwhichdeliveredapproximately6,OOOpoundsofthrustfor
3.0seconds.Theunderslungsingle-inletconfigurationwaslaunchedat
anangleofapproximately45°tothehorizontalwhereasthetwo-dimensional
twin-inletconfigurationwaslaunchedat anangleofapproximately600
tothehorizontal.

Inthedesignofthetwomodels,thetotalfrontalareawaskeptto
a minimumby submergingtheram-jetengineintheafter_psrtofeachof
thebodies.Forthesingle-inletramjet,thetotalfrontalareaofthe
inletplusfuselagewasapproximately70percentgreaterthanthefrontal
areaofthefuselagealoneand,forthetwo-dimensionaltwin-inletram

% jet,thetotalfrontalareaofthefuselage,inlet,andwingwasapproxi- .
mately47percentgreaterthanthefrontalareaofthefuselageplus
wing. Thetwomodelshadsingleexitsandtheexitareaswereequal.

.
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. . . . .. .

Theinletsofthemodelsdifferedinasmuchasyintheca~eofthe~der-”=” ‘..~=~”
slungsingle-inletrm jet,theairenteredthediffuserendwasducted“ ‘...<=.
intothe”bodyofthemodelandoutthesingleexitattherearofthe” - ..=--

-..

model.Inthecaaeofthetwo-dimensionaltw~-inletr~ jet,however, .-
theairenteredthetwo’diftiserslocatedintheleadingedgesofthe .-..
wingandwasductedintothebodyofthemodelandoutt%e“s$rigle“ex-it“ _ :=
attherem-ofthemodel.

Underslungsingle-inletramjet.-Thebodyofmodel-Ahada maxih
diameterof5 incheswitha finenessratioof’18.04.Thefuselagews
cylindricalwitha 5° semiangleconicalnoseanda blunt–base.Canard
surfaceswerelocatedonthenoseconeofthemodelandthevertical
canardsurfaceswerepositionedaheadofthehorizontalcanardsurfaces-
(fig.1). Thecanardsurfaceswereof-70°deltawingplanformanda
hexagonalairfoilsectionhavinga co~tantthicknessratioof4-percent.
Themaximumthicknessextendedfrom45.6percentchord”t6.78.2percent
chord.Thehorizontalcanardsurfacesweredeflected2U~totrimthe-model
nearzerolift.me horizontalwingswereof65°deltajlanformwitha
modifiedhexagonalairfoilsectionofconstant-thickness--correspondingto
a thicknessratioof2“.3percentatthewing-bodyJuncttie.’Themaximum
thicknessatthewing-bodyjunctureextendedfrom19.2percentchordto
83.9percentchord.Thehorizontalwingdifferedfroma truedeltawLrv””””-
by sweepingforwardthetrailing edgeofthetingtip. !@evertical“.~–-.
wingswereof65° deltaplanfore”witha hexagofilairfoilsectionwith___
a constantwckness ratioof-3.68percent..“~Themaximumthickness
extendedfrom39percentchordto61percentchord;Thesi@e ramjet”
wasunderslungandboth.thefuselageanddiffi-seiwerecantedtoreduce_
thelengthoftheforwardsectionoftheramjet. A secfionalviewof
thefuselage-duct.intersectionisshowninfigure5. A f_illet. wasposi-
tionedaheadofthefuselage-ductintersectioninanattemPTtore@c.e_
thedrag(fig.5). Theinternalgeometryofthediffuser-andlocation .
oftheorificesformeasuringtheductandbasepressme..~ealso.s@w _
infigure5. The-ductstaticpressurewastakehinsixplacesaround
theinsideoftheductandmanifoldedtogether.yhereast~e”base.pressure
wastakeninsixplacesaroundthebaseoftheductandmanifolded
together.A restrictionwaspl@cedneartheendoftheduct60that _
sonicvelocitywouldbe presentattheexitof...theducta%-supersonic

.-

speed.
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Two-dimensionaltwin-inletram-jet.-ThebodyofmodelB hada msXi-
,.

mumdiameterof~ incheswitha finenessratioof24.70.The.fuselage,“ :__ .:
wascylindricalwitha 4.1?semiangleconicalnoseanda bluntbase
(fig.2). Theverticalwingofmodel.Bwaa””o~~<ct~larPlanformwith- ~.-=;-.-.~=~
a modified’hexagonalsectionandtheleadingand”traili~–edgesswept
back45°.

.=>
“Themximumthicknessratioof1.85percentat_thewing-body ,_- _

Junctureextendedfrom10.4percentchordto88.9percentchord.The -.
verticalwingofmodelB.had“athickriessia%iothatv%ied from1*85“Per-.”:““ * ...
centatthewing-bodyjuncturetoO percentatthewingtip. The .-—,—-,. —

.— , .,&.
.-

-

w
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.% horizontalwingwasofrectangularplanformwiththetwo-dimensio@
inletslocatedintheleadingedges(fig.6). In’orderto acco~odate.-
thetwo-dimensionalinletsintheleadingedgesofthehorizontalwing,

. thethicknessofthewingwasincreasedto fivetimesthethicknessof ._ .
theverticalwingatthewing-bodyjuncture. A ramp-typefilletwas
positionedbetweenthebodyandtheinletto keeptheboundsrylayerof
thebodyfromenteringtheinlet(fig.6). Fi~e 6 showstheintertil,. .“_
geometryofthe-two-dimensionaltwin-inletsandlocationsofthemani-
foldedtotal-pressuxerakeusedinmeasuringthetotalpressureatthe ...._-
sonicexit.Turningvanesintheducts,whichwouldbe requiredtomain-
taingoodrecovery,wereconsideredirrelevanttothisdragmodeland
were,therefore,notincluded.Qso showninfigure6isthelocation.: . “.
of thebase-pressureorifice.Thetwoinletscontainedprotrudingwedges
thathada totalangleof24°. Thiswedgeanglewasselectedsothatat

.-

a designspeedof M = 1.80 thepressurerecoverywouldbe nearoptimum.
Thewedgesprotrudedforwarda distancewhichwouldcausetheoblique —
shockwavetointercepttheentranceatthedesignMachnuniber.

—

Instrumentation .-.—

.
.

ModelA wasequippedwitha four-channeltelemeterwhichtransmitted
a continuousrecordof normalandlongitudinalaccelerationsandbase
andductpressures.The.basepressurewastakenonthebaseoftheduct
whereastheductexitpressurewastakeninsideandneartherearendof
theduct(fig.5).

ModelB wasequippedwitha four-chapneltelemeterwhichtransmitted
a continuousrecordoflongitudinal(tworanges)acceleration,a mani-

..

~oldedtotalpressureintheduct,andbasepressure.Internalpressure
wasmeasuredby themanifoldedtotal-pressurerakelocatedneartheend
oftheductwhereasbase-pressuremeasurementsweremadeattherearof L . -,
theductas showninfigure6.

VelocitywasobtainedfromCWDopplerradarandby integrationof
thedatafromthelongitudinalaccelerometers.
phericdatawereobtainedfroma trackingradsr
observation.

MethodofAnalysis

Trajectoryandatmos-
unitandby radiosoride

Inorderto.findtheexternaldragoftheconfiguration,thetotal.
dragofthemodelwasmeasuredandthecontributionoftheinternaldrag

.-

oftheductsandbasedragofthemodelweresubtracted.Totaldragwas
obtainedduringthecoastingflightofthemodelsby reductionofthe

—

accelerometerrecord.
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Reference2 givesananalysisofthemethodusedin..determiningthi.
.. ----R

internaldrag.Theifiternal.dragoftheducts””forrnodel~”AandB was
-.

obtainedusingtheone-dimensional-flowtheoryappliedtothemomentum-
theoremequationasfollows:

.-d

Internaldrag=POA2 + P&07M# - P2A2p + 7%2)

where??Owasobtainedfromradiosondedataformodels~ andB; p2 –
wasobtainedfrommanifoldedstatic-pressurepicku~near+the“d~c.texit .
formodelA and,formorelBj p2-”wascalcula’~edfro~”themanifolded. ,,
total-pressurereadingstakenneartheexitof’theductasswing M2 = 1-
(ref.S)j ~ wasobtainedfromtheCWDopplerrid~ and.radiosondedata-
forbothmodelsA andB;’M2 isassumedtobe sonicwhenthebasepres-
sureislessthantheinternalexitpressureforbothmodelsA andB. :.
ForbothmodelsA andB theratioofthefree-streamtube-areato the
geometricentranceareawascalculatedfromone-dimensional-flowtheory
(ref.2).

Therestrictionattheexitoftheductresultedin-abaseareathat
wouldnotbe presentinanactualramjet;therefore,thedragofthe

—

basehadtobe subtractedfromthetotalmodeldrag.Thebasedragof ,~_”
themodelstestedwascalculatedfromthebase-pressuremeasurements.

.- —.

.-

—.

_..

..-

. -- ..-—

.
..

------- 1

.

Accuracy b

Theaccuracyoftheresults,consideringpossiblec~lativeerrors- -
inradarandtelemeterdata,isbelievedto”bewithinthe”limitslisted

—.

below:

M, percent.. . . . . . . . . . . . . . . . . . . . . . . . . . 2
CD. . . . . #. . . . . ., . . .0. . 0... . . ● . . . . . *0.03
c~w . . . . . . . . . . . . . . . . . . . . . . . . . ● :. . . M.006

.
. . . .

RESULTSANDDISCUSSION

Therangeofthetestsisshowninfigure,7asa plotofReynolds
.

numbervariationwith.Machnumberforbothmodels.A plot-oftheratio
ofthemodelbasepressuretothepressure”.i-nt&eductexitwithMach

—.,

nwnberispresentedinfigure8. As maybe seeninfigure8,thepres- ~- ‘“ “~““-
“sureratio.formodelA waslessthan1 throughoutthetest”range,whereas
formodelB thepressureratiowaslessthan1 abovea Machnumberof1.10,
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whichshowsbothmodelstohavea sonicexit
rangeinvestigated.

ThetrimcharacteristicsofmodelA sre

throughtheMachnumber

showninfigure9 asthe ,.-
variationofthenormal-forcecoefficient,obtainedfromthenormal
accelerometerlocatedatthemodelcenterofgravity,withMachnumber.
ModelA wasan asymmetricconfigurationandthepositive2°fixedinci-
denceofthehorizontalcanardsurfacewasadequateto trimthemodel

—

nearzerolift.

Thezero-liftdragcharacteristicsforthesingle-inletram-jetmis-
sileconfiguration(modelA) arepresentedinfigure10asthevariation .
ofthecoefficientofthetotalmodeldrag,internalductdrag,base
draglandexternalmodeldiagwithMachnumber.Asmaybe notedinfig- -“--‘-
ure10,theexternal-model-dragcoefficientvariedsmoothlyfroma peak
valueof0.45at a Machnumberof1.00to 0.38ata Machnumberof 1.60 .
andwasapproximately55to 60percentofthetotalmodeldragthrough-
outtheMachnumberrangeinvestigated.

-.

FormodelA thecalculatedfree-streamtubeareaisequaltothe
entrancesreaoftheinletandthereforethemass-flowratiooftheinlet
isequalto 1.

Thezero-liftdragcharacteristicsforthetwo-dimensionaltwin-
inletrsm-jetmissileconfiguration(modelB) ispresentedinfigure11
asthevariationofthecoefficientofthetotalmodeldrag,internal
ductdrag,basedrag,andexternalmodeldragwithMachnumber.The

4 external-model-dragcoefficienthada gradualrisefroma valueof0.48
at a Machnumberof 1.10to a peakof0.56at a Machnumberof 1.37and
thenvariedsmoothlytoa valueof0.47at a Machnumberof1.89.The
externalmodeldragofmodelB variedfrom55to 67percentofthetotal
modeldragthroughouttheMachnumberrangeinvestigated.

Resented& figqre12 isthevariationoftheratioofthefree-
streamtubearea to thegeometricentrancesreawithMachnumber.As
willbe notedinfigure12,thefree-streamtubeareavsriedfrom95per-
centat & Machnumberof 1.89to76percentat a Machnumberof1.10. -.

Thisch~e”ln free-stresmtubeareawascausedby thedeflectionof the
—

airflowbehindobliqueshockwavesfromtheleadingedgeofthewedges.
At a Machnumberof1.8o,thedesignl@chnmber oftheiflet~thefree-- ._
streamtubeareawasnotequaltothegeometricentranceareaaswould
havebeenexpected.Thewedgeswereconstructedsothattheendsdid
notprotrudeoutsidetheinletentranceandexpansionwavesfromthetips

.—

enteredtheinletatallsupersonicMachnumberstested.Theseexpan-
sionwaveswouldcausespillageattheendofthewedges.Thisspillage.
wouldpreventthefree-streamtubeareafromreachinga maximumvalue
fora two-dimensionalwedgeatWY Machnurfiber.

. ..

~’
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“Presentedinfigure~ “isthevariationoftheeti”~nal-dragcoe”ffi-“ “-● “--
cientwithMachnumberofmodelA,modelB, anda twin-nacelleram-~et
configuration(ref.4). A correctcomparativeevaluationof thedrag
of.thethreeconfigurationscannotbemadefromtheresultspresented

● .

infigure13alonebecauseofthedifferencei_ngeometr~exclusiveof
—

theram-jetinstallations.Consequently,inordertoevaluatethe
externaldragwithre6pecttothetypeofrem-jetgeometry,itwasneces-
sarytomakethefollowingadjustmentsanalyticallysoasto obtaina com-
parisononthebasisofmodelB: (a)enginecross-sectionalareasequal,
(b)equalusefil.vol.umes,(c)equalwingareas,(d)equalnosecone . _ . .
angles,(e)no Canards,and(f)includingtheadditivedragof theopen
noseinlet. .-

Showninfigure14istheexternaldragoftheconfigurationswhere”””-
theexperimentallyobtaineddragwascorrectedsothat@ evaluationof
thedragmay”bemade”on& morecomparativebasis.Thedetailsofthe
methodofcorrectinginorderthatthiscomparisoncould.bemadeWe as
follows.Theexternal-dragcoefficientofreference4 wascorrectedto
givetheexternal-dragcoefficientshowninfigure14. Thisexternal-
dragcoefficientwasobtainedby reducingthe.sizeofthenacelle”units_
andassumingthatthedragofthesenacelle.unitsis reduced proportion- .
allyasthecross-sectionalareaoftheram-jetenginesisreduced.
Thisreductioninsizeofthenacelleunits(26.5percent)wasnecessary
sothatthesumofthecross-sectionalareasofthetwoengineswouldbe
equalto theenginecross-sectionalareaofmodelA orB. Theexterna2-
dragcoefficientofmodelA (fig.14)wasobtainedby calculatingthe
decreaseindrag duetotheremovalof thecegards(ref;-5),thedecrease
inthedragduetothedifferencein cone--angle,theincreaseindrag
dueto theadditionalwingareaneededtomakethewingareasequal
(,refs.5 and6), theincreaseindragduetotheskin-fr$ctiandragof
theadditional33.3inchesofbodylength(ref.6), andtheincrease-in
dragdueto”theadditivedragof theinlet.Sincemodel”A hadanopen-
noseinletitwasnecessaryto replacethisinletwith-the~“ annular-
noseinletofreference4. Theadditivedrag“forthe40°am-ular-nose
inletwascalculatedby themethodpresentedinreference7. ModelB,
as showninfigure14-,hashadno correctionsappliedto-it. ..

. ..—

.-

-.

.-===

-.-—

Froma qualitativecomparisonoftheexternal-dragcoefficientof
theunderslungsingle-inletram~et,thetwo-dimensionaltwin-inletrem
Jet,andthetwin-nacelleramJet,noappreciabledifferenceinthe
external-dragcoefficientcouldbe notedbetweenthedifferentinstalla-
tionsoftheramJetsonthemodelsof similargeometricsizeandvolume.
Theexternal-dragcoefficientoftheconfigurationscouldchangegreatly
withchangesindetailsoftheconfigurationssuchas inletsurface
angle,positionof inlets,mass-flowratiooftheduct,

It canbe shownthata grossthrustcoefficientof
a 5-inch-dismeterbody,whichisgreaterthananyvalue

andothers.
.

0.85,basedon ““ “’:
of.e%ternal-drag

“
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. coefficientfortheconfigurationspresentedinfigure14,canbe cal-
culatedfortheram-jetengines.Thisthrustcoefficientwascalculated
foran altitudeof 35,000feetand-aM&chnumberof 1.8o,assuminga ““.
diffuserrecoveryof87.5percentanda combustionchsmberlossof 4q.
Thiscalculatedgrossthrustcoefficientof 0.85willbe morethanade~ ““ “.
quateto accelerateeachofthemodelspresentedinfigure14.

CONCLUSIONS

Flighttestswereconductedto determinethezero-liftexternal .
dragofanunderslungsingle-inletram-jetmissileconfigurationanda
two-dimensionaltwin-inletrsm-jetmissileconfiguration,eachwithone
exitofequalgeometricareas.Theexternal-dragcoefficiefit,basedon
thecylindricalfuselagecross-sectiozialarea,fortheunderslungsingle- .
inletrsmjetvariedsmoothlyfroma peakvalueof 0.45at a &ch number ,
ofl.cOto 0.38at a Machnumberof1.60.Thepositive2° fixedincid-
ence ofthehorizontalcanardsurfaceswasadequatetotrimthemodel
nearzero-liftthroughouttheMachnumberrangeinvestigated.

Theexternal-dragcoefficient,basedonthecylindricalfuselage“
cross-sectionalarea,forthetwo-dimensionaltwin-inletram’jethada

_.-—

gradualincreasefroma valueof 0.h8at a Machnunberof1.10toa peak
. of 0.56ata Machnumberof1.37andthenvariedsmoothlyto a valueof

0.47a#a Machnumberof1.89.

Qualitativecomparisonoftheexternal-dragcoefficientofthe
-.

.
underslungsingle-inletramjet,thetwo-dimetiionaltwin-inletrsmjet, --
anda twin-nacelleramjetindicatesnoappreciabledifferenceinthe
external-dragcoefficientbetweenthedifferentinstallationsofthe
ram-jeteng~esonthemodelsof

LangleyAeronauticalLaboratory;
NationalAdvisoryCommittee

LangleyField,Va.

similargeometricsizeandvolume.

.-

forAeronautics,

.
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Horizontal exposed wing area = 109.7 sq in.
I-lcfizontal exposed canard area= 15,1 sq in.

Vertical exposed wing oreo = S06 sqln
Vertical exposed canard area = 9.7 sqln.
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-~——

Side wew

Figure 1.- Sketch of’ model A. All dimensio~ in inches,
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Horizmtol exposed

Vertical exposed

wing area

fin area

= 174.5 sq in

= 162.0 sq tn.
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Plan view

Figure 2.- Sketch of nmdel B.
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All dimensionsin inches.
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Plan view

Fbnn’e3.-Phoiographfiofmodel A.
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● plan view
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3.o diem
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I A

1.

seloge Entrance ores of rem-jet inlet =0019 SCI ft.

Exit ‘area of” ram-jet =0,056 sq tl.

Ct -

SectionAA

Figure 5.- Internal.geometry of inlet and sectionalview of fusel~e-
duct intersectionfor model A. All dimensionsin inches.
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Section AA
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Figure 7.-Variationof Reynolds numberwith Mach number for mode16
tested, baaed on body length.
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Figure 8.- Variation of the ratio of base pressure to duct
with Mach nuder for models tested.
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Figure 9.- Nor@l-force coefficientvariationwith Mach number for
model A, based on exposedwing area.
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Figure 13.- Vexiation of the external-dragcoefficientwith Mach number
of model A, model B, and the mdel presented in reference4.
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